A two-degree-of-freedom, up-scaled, robotic hummingbird model with rigid wings was used to simulate the hovering, flapping kinematics of a hummingbird to understand the flow structure around the wing and the underlying mechanism for dynamic force generation. Digital Particle Image Velocimetry (DPIV) method was applied to visualize the flow field at the mid-section of the wing over a range of Reynolds numbers (850 < Re < 13,000). It was observed that in the major duration of the stroke the leading edge vortex (LEV) was kept attached to the wing's suction side over the entire range of Reynolds numbers. It was also found that the rapid change of angle of attack at the beginning of each half stroke generated shedding of LEV. Time history of the lift and drag forces were measured to relate the dynamic response with the flow field development. The magnitudes of lift and drag forces increased with Reynolds number, however, the overall lift coefficient decreased for Re < 6,000. Beyond this limitation, influence of Reynolds number on the mean lift coefficients was indiscernible. Additionally, it was verified that the effects of horizontal gust on both flow field and dynamic forces were equivalent to that of effective Reynolds numbers, e.g., the effect of the head-on gust during the down-stroke increased the lift and drag forces, similar to the influence of increased Reynolds number.
INTRODUCTION
Over the last two decades, in pursuit for development of micro air vehicles (MAVs), scientists have increased their research interest on the understanding of flapping flight [1] [2] [3] [4] . According to the fixedwing theory, the MAVs (maximum point-to-point distance of 15 cm [5] ) are not able to produce sufficient lift force to support their body weight, which include batteries and loaded instruments like GPS system with antenna. Therefore, the flapping flight of birds and insects have been investigated to reveal the mechanisms for non-conventional lift force generation and their capability of steady hovering flight.
Almost four decades ago, Weis-Fogh [6] proposed the clap-and-fling as a lift enhancing mechanism. Over twenty years later, Ellington et al. [1] and Van den Berg & Ellington [2] studied the wake created by a tethered Tobacco Hawkmoth (Manduca Sexta). In these studies it was found that the leading edge vortex (LEV) was responsible for the non-conventional high lift force production. It was also noticed that the LEV remained attached to the wing throughout the stroke at a Reynolds number Re = 1,600. They believed that the steady attachment was attributed to the three-dimensionality of the flow, because the spanwise flow within the vortex center convected vorticity outwards to the tip of the wing, stabilizing the LEV.
In 1999, Dickinson et al. [3] further studied the characteristics of LEV on the wings of an up-scaled robotic model of a fruit fly (Re = 120). Dickinson concluded two other mechanism for the non-conventional high lift force generation of hovering flight, i.e. rotational lift and wake capture. Using the same model, Birch and Dickinson [7] carried out a series of experiments and reached the conclusion that the spanwise flow had little impact on the behavior of steady LEV. This discovery contradicted the notion of LEV's stability via spanwise convection proposed earlier by Van den Berg and Ellington [2] , although the difference in Reynolds number was considerable.
In order to assess the influence of Reynolds number on the flow patterns, Birch et al. [8] compared the flow created by the same motion in two different fluids, and came to the conclusion that the spanwise flow accentuated as the Reynolds number was increased. To further study the behavior of LEV at high Reynolds numbers, Ramasamy et al. [9] performed a series of experiments using an insect based robotic model (Re = 15,500). In those experiments, shedding of the LEV was observed, mainly due to the significantly high Reynolds number. Another interesting result was the creation of subsequent LEVs as the earlier ones were shed off. These experiment results implied not only a dependence between the spanwise flow and the Reynolds number, but also that there existed a critical Reynolds number over which the LEV became unstable.
Numerical models have also been performed to simulate the insects' flapping motion. In 2003, Sun and Du [10] solved the Navier-Stokes equations for some insects to investigate the high lift mechanism. The numerical results matched well with experimental data. Gopalan and Povitsky [11] in 2008 numerically studied the flow field and force response for different combination of plunging and pitching of an SD 7003 airfoil. Moreover, various types of gust were loaded to the airfoil and it was discovered that the pitching motion could smooth out the sudden impact of gusts effectively. In 2010, Viswanath and Taftit [12] numerically simulated effects of frontal and inverted gusts on a flapping wing in forward flight at Re = 10,000. The gusts' influence on the time history of flow field development and lift force generation were investigated and it was observed that gust effects were diminished at the rapid supination section. It was also concluded from their simulation that the frontal gust could be equivalent to the effects of combined effective Reynolds number and angle of attack to the flapping wing. More numerical investigation of gust effects on flapping and pitching wings could be referred to Lian and Shyy [13] , and Ramamurti and Sandberg [14] .
Theoretical models were also proposed and developed to characterize effects of unsteady flows. In 2004, Pullin and Wang [15] developed a vortex model to predict the unsteady forces for accelerating plate at large angles of attack and successfully applied to the hovering insect flight. Moreover, Berman and Wang [16] , in 2007, investigated the different flapping and pitching pattern for hovering insect flight and studied the optimum kinematics for insects to minimize the input energy. Based on unsteady theory, Brunton and Rowley [17] empirically modified Theodorsen's lift model for hovering flight to fit the experimental results under low Reynolds numbers. In 2014, Taha et al. [18] applied the Duhamel superposition principle to different hovering insects and the modeling matched very well with the benchmark numerical results.
Most of the reported research were for 2-dimensional modeling of hovering flight. The goal of current study is to investigate the influence of Reynolds number and gust on the leading edge vortex as well as the force production by using a robotic model of a rufous hummingbird. The hummingbird's size (average wingspan of 11 cm) makes it a particularly good example to follow for the understanding and development of flapping-wing MAVs. The experimental setup and methods will be introduced in Section 2, and the detailed results are presented in Section 3. Section 4 summarizes the conclusions and discussions of proceeding research, respectively.
EXPERIMENTAL SETUP AND METHODS
In the present experiments, an up-scaled two-degree-of-freedom robotic hummingbird model was used to simulate hummingbirds' hovering flight. A live rufous hummingbird flaps its wings at a frequency of approximately 40 Hz [19] . However, the robotic model used in current research was incapable to achieve such a high frequency due to the mechanical and electrical limitations. While keeping Reynolds number similar to the real life case, the flow field development and dynamic force of hovering hummingbird could be obtained by running the up-scaled robotic model at a much lower frequency in water. All the experiments were conducted in an open-surface recirculating water channel with a test section 107 cm wide, 74 cm deep, and 173 cm long. Digital particle image velocimetry (DPIV) method was used to measure the flow field surrounding the wing and a force sensor was used to measure the corresponding dynamic forces. The details of experimental setup and methods are presented in this section.
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Six sets of experiments were performed with the Reynolds number being the only varied characteristic parameter. For most of previous research, robofly [3, 7, 8] had an almost constant angular speed, which yielded a constant Reynolds number during most portion of a stroke. However, the angular speed of natural flapping wings was time-varying, thus the difference between the average and the instantaneous Reynolds numbers became significantly large. The definition of average Reynolds number for present study is: (1) where c = 36 mm is the average wing chord length, V -is the average tangential velocity of the wing's mass center and is the kinematic viscosity of water. In the present experiment, the temperature of the water was measured to be 23±0.3 ˚C, thus, the kinematic viscosity was 0.93 × 10 -6 m 2 /s. Equation (1) defines the average Reynolds number through the entire stroke, whereas substituting the average tangential velocity with the maximum tangential velocity in this equation yields the maximum Reynolds number. The tangential velocity was calculated using the length between the wing root and mass center of the wing, i.e., V -= Lω -and V max = Lω max , where L = 14.56 cm and ω -and ω max were the average and maximum angular speed respectively. Table 1 enumerated the average and maximum values for all 6 cases. Subscripts 'avg' and 'max' were used to denote the average and maximum value of corresponding terms, whereas a top-bar was also used for the averaged variables. The wing's rotating velocity was used as the characteristic velocity because the free stream velocity V ∞ was zero for hovering flight. In the rest of this paper, Re is used to refer to the average Reynolds number for the sake of simplicity.
Ruijun Tian, Eloy Marquez Gonzalez, Humberto Bocanegra Evans, B. J. Balakumar 349 and Fangjun Shu Volume 7 · Number 3 · 2015 The kinematics of the hovering wing ( Figure 1 ) was based on the data published by Tobalske et al. [19] . In order to obtain different Reynolds numbers, the controller's time step was modified while the wing's kinematics were remained the same. The flapping motion was modeled using a sinusoidal wave as shown in Figure 1 . 
Hummingbird Model
The up-scaled robotic hummingbird wing was actuated using four 8000-count servomotors. Two motors were used to control one wing: motor model IB34002 rotated the wing changing the stroke angle, while motor model IB23004 pitched the wing, changing the angle of attack. Both motors used Q7 encoders (servomotors and encoders by Motion Control Group, Eden Prairie, MN). Figure 2 sketches the installation of the model and motors. For each wing, the outer motor actuated a hollow shaft via a belt. This shaft controlled the wing's rotation. A solid shaft concentrically inside the hollow one was actuated by the inner motor to control the wing's pitching using a 90-degree miter gear box at the bottom of the shaft assembly. The robotic model's motors were controlled using a six axes Galil 4060 controller (Galil Motion Control, Rocklin, CA) with a high resolution.
For force measurements, the robotic wing was fabricated out of flat aluminum plate with a thickness of 2 mm. The flat plate had a semi-ellipse configuration with a semi-major and -minor axis of 124 and 21 mm respectively. Such a semi-ellipse had similar geometry to a hummingbird wing scaled by a ratio of 3 to 1. In order to illuminate the entire flow field, for PIV measurement, transparent poly-carbonate wings with the same dimensions were used for PIV experiments.
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Particle Image Velocimetry (PIV) Setup
The PIV system was comprised of one CMOS MotionPro X5 camera (2352 × 1728 pixel 2 ), a timing hub (IDT, Tallahassee, FL), a CFR PIV-190PS2 Nd:YAG laser (Quantel USA, Bozeman, MT), and a controlling computer for image acquisition and evaluation (see Figure 3 ). The laser head was set beneath the water channel's test section. The emitted laser beam passed through a spherical lens (1000 mm focal length) and a cylindrical lens (25.4 mm focal length) to form a vertical laser sheet with a thickness of approximately 0.5 mm, vertically cutting through the mass-center section of the hummingbird wing. The measured flow region had an area of 137.6 × 100 mm 2 , resulting in a magnification factor of approximately 58 µm/pixel. The camera was set at the same height with the wing and normal to the laser sheet. The working fluid was water and seeded using glass microspheres (Potters Industries, Carlstadt, NJ) with a mean diameter of 11 µm.
In order to obtain high-quality measurements for this periodic motion, the PIV data were acquired and processed in a phase-locked fashion, namely the frames were taken at the same stroke phase positions. To achieve such a goal, the laser and camera were triggered simultaneously by the timing hub at the same phases for each period. Thus, the acquired data were phase averaged to eliminate the experiment noise and decrease the uncertainty. In the present study, 30 particle image pairs were recorded for every phase. The particle images were analyzed using an FFT-based cross correlation using an interrogation window of 32 × 32 pixels with 50% overlap. The time intervals for each particle image pair varied for different Reynolds numbers and gusts in order to maintain a relatively large particle displacement to ensure PIV accuracy.
Force Measurement
A six-axes, silicon strain gauge based force/torque sensor (Nano 17 IP65/68, ATI Industrial Automation, Apex, NC) was utilized to measure the hydrodynamic forces. The sensor had a loading range of ±25 N in the x and y (transverse) directions, and ±35 N in the z (axial) direction; the measurement resolution was 1/160 N in all three directions. As shown in Figure 2 , the sensor was mounted between the wing and the miter gear box using two couplings, allowing the normal and parallel dynamic forces on the wing to be aligned with the sensor's x and y axis, respectively. The force sensor was factory calibrated and verified for accuracy before every experiment with standard laboratory weight.
A triggering sequence for periodic data acquisition was designed. Before the wing starts a flapping cycle enough time interval was waited to let fluid settle down. Then a trigger signal was sent from the motor controller to the force sensor data acquisition board. Thus, the beginning of the wing's motion and the force data acquisition could be synchronized, yielding precise phase matching in the phaseaveraging calculations.
The force sensor measured a combination of hydrodynamic force, inertial force, gravity and buoyancy force with added mass effect. The gravity and buoyancy force could be easily subtracted from the measurements. A distinction of hydrodynamic force from the inertial force and added mass effect was required. To address this, two sets of experiments were performed for every Reynolds number, each set contained 30 flapping periods. One set was dry (no water present in the tank), while the second one was done in water, named wet. The dry case offered information about the magnitude of the inertial force and gravity force without added mass effect, and the wet ones included all the forces (hydrodynamic + wing inertia + added mass effect + gravity + buoyancy). Initially we planned to subtract the dry force from the wet force to remove the wing initial force. However, from the measurement results, it was found that the dry force had a much lower magnitude than wet force due to long hovering period thus low wing acceleration. As shown in Figure 4 , the measured inertial force in horizontal direction was much lower than the generated drag force. Because the wing only flapped horizontally, no inertial force or added mass effects existed in the vertical (lift) direction. In the wet cases, the added mass effects were supposed to have the same order of magnitude as the inertial force, therefore both the wing inertial force and added mass effects were neglected in current research, i.e., only the buoyancy force and gravity force were accounted when processing the force data to calculate lift and drag forces. This approximation has been incorporated into uncertainty analysis as an extra error source in the measurement.
In the force measurements, two coordinate frames were utilized to describe the dynamic features of the hovering flight ( Figure 5 ): an inertial global system defined as X -Y -Z coordinates in which the wing was rotated back and forth in the horizontal X -Y plane; a force sensor coordinate frame, indicated by the x-y-z axes, which rotated in the same manner as the wing. In the force sensor frame, z axis was aligned with the wing span. The wing flaps back and forth in X -Y plane; Y axis (not shown in the figure) is perpendicular to the X -Z plane. The robotic hummingbird faces forward towards X direction. As a result, lift force was the component of the dynamic force in Z direction and drag force in X direction, as indicated in Figure 5 , respectively. A Matlab program was developed to process the acquired force data and convert force sensor data to global lift and drag forces in the inertial frame using appropriate coordinate conversion algorithms. The high-frequency noises in the raw force data
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were filtered using a Butterworth low-pass digital filter. Note that though the resolution and sensitivity of the transducer should, in principle, allow for the measurement of very small loads, it was relatively difficult to distinguish the hydrodynamic forces from measurement noise for the Re = 891 case due to very low force magnitude. The force data were preprocessed in the ensemble-averaged manner to diminish random noises.
Translation Stage to Generate Gust
An effective way to generate a gust is to mount the robot on a programmable translation stage. In this way, the translation of the stage yields a relative gust for the robot. In current research, the gust was horizontal and could be either frontal or from the rear.
In this study, the translation stage was a parallel coupling of two Velmex BiSlides (MN10-0300-E01-31 and MN10-0300-E01-20) with travel length of 76 cm at 2.54 mm/rev (400 steps per revolution). Only one BiSlide was motorized using a Vexta Type34T1 (PK296-03BA-A3-3/8) double shaft stepper motor. The mechanical power was transferred using a BiSlide Parallel Coupling (PC2-515) with center-to-center distance of 1.3 m. The non-motorized Bi-Slide was equipped with a Rotary Encoder 400CPR to monitor slips or any error on the driven Bi-Slide. This stage could move at a maximum speed of 2.54 cm/s with a load of 15 kg. Tested range of motion was approximately 73 cm. The CMOS camera was also steadily mounted on this translation stage. Therefore, the camera and the robotic hummingbird gusted in the same pace, in order to maintain the same region of measurement in both the pure hovering case and the gusted hovering case.
The same triggering signal for PIV system was used to trigger the translation stage. The translation stage could move the robotic model forward/backward, simulating a frontal/reverted gust to the bird. The effect of gusts was investigated by modeling the gust speed as 5%, 10%, 15% and 20% of the mean tangential velocity of the wing's mass center for each Reynolds number.
RESULTS
As indicated above, PIV measurements of the flow field were performed for the three low Reynolds number cases. A significant similarity was observed: the leading edge vortex (LEV) was mainly attached to the wing, with only its size, shape, and developing speed changing from case to case; LEV for the rotational lift was also detected for each case. As for the dynamic forces, similar patterns were detected for different Reynolds number cases, whereas the magnitude obviously increased with Reynolds numbers. It was also noted that the effects of gust were equivalent to the influences of effective Reynolds numbers. In this section, detailed results for flow field measurements and corresponding dynamic responses are presented.
Flow Field Measurements
The flow field measurement in the present study found that the flow structure development turned out to be very similar for all the investigated Reynolds numbers ranging from 891 to 3489. Both LEV and TEV were steadily attached to the wing during the translation period, with the vortices developing faster for larger Reynolds number. In Figure 6 , flow fields near the mid-downstroke are presented to elaborate the vortex evolution for pure hovering flight at Re = 3,489. The black region in each plot represents the instantaneous location of the wing. The shape of the black region changed at different time instants because of changed perspective from the camera due to wing movement. The gray level contour indicates the velocity magnitude as shown in the legend of each plot. Figure 6 (a) depicts the velocity field immediately after the rapid pitching at the beginning of the downstroke. A leading edge vortex has been generated for this rapid pitching; this resulted in rotational lift force during the supination as discovered by Dickinson [3] . However, this LEV shed off quickly due to the accelerated flapping speed, as indicated in Figure 6 (b) and 6(c). It was also noticed that at the same time of LEV shedding a steady TEV started to develop at the end of supination. Simultaneously, a subsequent LEV started to roll up, which became significant in Figure 6 (c). Figure 6 (d) represents the flow field at mid-downstroke, where the TEV was steadily attached to the trailing edge. The new LEV was fully developed and attached to the leading edge, while the previous shed-off LEV almost disappeared due to dissipation. After the mid-downstroke, the LEV and TEV were dominant in the flow field and steadily attached to the wing till the end of the downstroke as shown in Figure 6 (e) and 6(f), respectively.
Effects of Gust on Flow Field
An example of the velocity field for Re = 3,489 is presented in Figure 7 to illustrate the effects of gust on the LEV and TEV evolutions. The gust is from left to right with a magnitude equaling 20% of the average flapping velocity of the wing's mass center. The x component of the velocity for the free stream flow comes from the motion of the camera as mentioned in the previous section. In general, the flow fields were very similar to those shown in Figure 6 for each phase. However, it was noticed that the gust accelerated the LEV evolution. As indicated in Figure 7 (a), as soon as the fast pitching finished, the pitching-induced LEV started to separate from the leading edge and a new LEV rolled up (see Figure 7 (b)), much earlier than the pure hovering case. As the wing accelerated, the shedoff LEV dissipated quickly and almost faded out at the mid-downstroke as shown in Figure 7(d) . The new LEV stayed attached and dominant near the end of down-stroke as shown in Figure 7 (e) and 7(f), similar to the pure hovering case. Compared to the flow development shown in Figure 6 , the evolution of TEV, such as its size and location, appeared to be similar for both the pure hovering and gust cases; this was true for all the Reynolds number cases.
Force Measurements (No Gust)
The force generation for an entire stroke (one flapping period) exhibited very similar patterns for all the investigated cases. The wing kinematics and measured forces for case 4 (Re = 6,679) are presented in Figure 8 . A slight phase lag between forces and wing flapping was detected. Notice that the wing had maximum flapping speed at t/T = 0.25 and 0.75. However, the lift and drag forces, as shown in the plots, were relatively low at those time instants because the corresponding effective angle of attack was still low. The local maximum lift and drag forces occurred at t/T = 0.33 and 0.83, where the flapping velocity and angle of attack were both relatively high.
Ensemble-averaged lift force during pure hovering flight (no gust) for various Reynolds numbers are presented in Figure 9 . Lift force was generated for both up-and down-strokes as expected. Lift force reached local maximum value slightly after each mid-stroke. The lift force in down-stroke was greater than that of up-stroke, possibly due to greater angle of attack. In the beginning of either stroke, an increase in lift force was observed. This was also observed by Dickinson et al. [3] , and was explained as rotational lift, a force created due to the quick wing rotation during pronation and supination of the wing. This was more apparent for higher Reynolds number cases. The rotational lift generation diminished at t/T ≈ 0.15 and 0.65, resulting from shedding of rotation-generated LEV as observed in Figure 6 (a)-(c) . Additionally, it was noted that overall lift forces increased monotonically with Reynolds number, implying that higher flapping frequency resulted in greater lift forces.
As presented in Figure 10 , approximately symmetric features were observed for the drag force generation in hovering flight. Slight phase lag between drag and wing tangential speed was also observed; and the drag force had opposite signs for up-and down-strokes. Therefore, the time-averaged drag force was approximately zero for one whole flapping cycle even though the instantaneous force magnitude increased with Reynolds number. For hovering birds and insects, which have flapping frequency much greater than their natural frequency, only the mean dynamic force influences the flight dynamics [3] , [20] , and [21] . The rotational effect on the drag force was also observed, which was clearly seen from the end of up-stroke to the beginning of down-stroke, where the angle of attack changed rapidly.
The time-averaged lift and drag coefficient of the entire flapping period under various Reynolds numbers are shown in Figure 11 , in which the lift coefficient is defined as , where L -is the measured time-averaged lift force, ρ is fluid density, V -is the mean flapping speed of the wing's mass center, and A is the surface area of the wing. The time-averaged absolute drag coefficient is presented in the same figure, which is defined as .
The plot in Figure 11 (a) indicated that the mean lift coefficient decreased with Reynolds numbers when Re < 6,000, whereas beyond that range Reynolds number had relatively small effects on the mean lift coefficient. It implied that the hovering capability decreased significantly with Reynolds number. This might explain that hovering flights are usually observed for insects and small birds such as fruit flies (Re ≈ 120), hawkmoths and hummingbirds (both have a Reynolds number of a few thousand). The mean absolute drag coefficient, C D , decreased in the same trend as the lift coefficient. The ratio of mean lift coefficient and drag coefficient is presented in Figure 12 . The influence of Reynolds number .
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Force Measurements with Gust
Hummingbirds and MAVs in the field need to deal with gust routinely. How gust influences force generation and flight dynamics is an important topic in flapping MAV flight control. In this study, influence of head-on gust to lift and drag force was investigated. It was observed that the gust effects were difficult to distinguish at low Reynolds numbers due to the small magnitude of forces and limitation of the transducer. However, the effects of different levels of gusts exhibited similar patterns for all the Reynolds number cases, whereas the higher Reynolds number case yielded more accurate results. The influence of gust for Re = 12,698 are presented in this section for detailed analysis.
For the lift forces shown in Figure 13 , the robotic hummingbird was programmed to move forward, simulating gust wind blowing the bird toward its head, referred as head-on gust. It was found that the lift force decreased in the up-stroke and increased in the down-stroke compared to the case without gust. The change in maximum lift magnitude monotonically increased with the magnitude of the gust. The time-averaged lift force was almost not influenced by the gust, which meant that a head-on gust had little effects on the lift force generation from an averaging prospective. The gust had the similar effect as the Reynolds number changed. For example, in the up-stroke, the wing moved in the same direction of gust, which decreased the relative velocity between the wing and fluid, resulting in a decreased Reynolds number thus lift force. These results were also consistent with Viswanath's report [12], which stated that the effects of the gust on the force generation were diminished at the rapid supination section, as verified by the plots in Figure 13 .
The influence of head-on gust on drag force generation is depicted in Figure 14 . Gust influenced the drag also in a similar manner as Reynolds number. In up-stroke, due to reduced relative velocity between wing and fluid, the thrust force decreased; and in the down-stroke, the drag force increased due to increased relative velocity. Even though the force magnitude only changed slightly, which depended on gust magnitude, it could not be neglected, because it introduced a non-zero average drag force. This was different from the lift force case, in which head-on gust decreased the lift in up-stroke and increased lift in down-stroke, thus keeping the average lift almost unchanged. As a summary, for a hovering flapping MAV experiencing a head-on gust, a non-zero mean drag force would be generated, resulting in a horizontal displacement of the MAV, whereas the time-averaged lift force would remain unchanged. This agrees with author's observation of hovering hummingbirds.
CONCLUSIONS AND DISCUSSIONS
The present study experimentally investigated the influence of Reynolds number and wind gust on hovering flight of a hummingbird model. Experiments were conducted using a robotic hummingbird model operated in a water channel. Gust was simulated by moving the hummingbird model in still water using a programmable traverse stage. Results of flow and force measurements have been analyzed and compared with previous studies. In this study, flow and force measurements were conducted simultaneously to discover the relation between them.
An LEV generated during supination was observed in the PIV results. This LEV was created due to the rapid pitching when the wing switched between up-and down-strokes. It was found that this LEV increased the lift force in the beginning of each half stroke, which had been found by Dickinson [3] . This LEV shed from the leading edge when the pitching speed decreased. In the meantime, a new LEV was generated and kept attached till the end of the half stroke. Evolution of the flow exhibited very similar structures for different Reynolds numbers, though the LEV developed faster for higher Reynolds numbers.
The traverse stage generated head-on gust which affected the flow field in the same way as a uniform incoming flow. The gust changed fluid velocity relative to the wing, resulting in increased/decreased effective Reynolds number in down-stroke/up-stroke. The gust did not cause substantial changes in flow structures; however, it altered the developing speed of LEV in a similar manner as the effect of Reynolds number.
The force measurements verified that lift force was generated for both down-and up-strokes during the hovering flight. Time-averaged lift force increased with Reynolds number; however, the lift coefficient decreased with Reynolds number in the range of Re < 6,000. At higher Reynolds numbers (Re > 6,000), the mean lift coefficients did not change significantly for different flapping frequencies, indicating that the mean lift forces of one entire period should be proportional to V 2 avg . Due to relatively high angle of attack, hovering flight generated relatively large magnitude of drag/thrust forces. They canceled each other for one entire stroke to maintain steady hovering flight. The drag coefficient depended on the Reynolds number in a very similar trend as the lift coefficient, therefore the lift-todrag ratio was not dramatically affected by Reynolds number.
Head-on gust influenced the lift and drag generation in the same way as Reynolds number. In the up-stroke, due to decreased relative speed between the wing and fluid, lift and thrust forces decreased; and in the down-stroke, lift and drag forces increased due to the increased relative speed. The head-on gust resulted in unchanged time-averaged lift force, but a non-zero drag force which intended to push the hovering bird backward. Further study on how birds modify their flight kinematics to sustain hovering flight is suggested.
Finally, we acknowledged that there were limitations in the present study. For example, in real life, birds and insects are believed to benefit from the flexibility of their wings; in this study, however, we had only investigated rigid wing. Another problem is that the experiment was done in water instead of in air with an up-scaled model, which meant there was an issue about added mass effect, even though the effect was minimal due to relatively low magnitude of wing acceleration. Also, gust in nature can have a speed magnitude close to or even greater than the wing's flapping speed, although only very weak gusts were investigated in this study due to the limitation of the traverse stage. Additionally, natural gusts are typical three dimensional; it was believed that the vertical gust had stronger effects for flapping flights [22] . As mentioned above, current study focused on investigating the frontal gust
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Experimental Study of Reynolds Number and Gust Influence on Transient Force and Flow Generated by a Robotic Hummingbird effects on the vortex field and dynamic force generation, which was much simpler than the in-vivo situations. Another limitation of current setup was that both the laser sheet and the PIV camera was maintained stable in the global frame, the laser sheet was only vertical to the wing at the mid-stroke. As a result, the measured velocity fields shown in Figure 6 and 7 represented velocity at different planes. However, we believed that it did not affect the qualitative properties of the observed vortex evolution, because the measurement plane was still far away from the wing tip. Furthermore, it was reported that a spanwise flow ( [1] and [2] ) was observed through the core of the LEV due to three dimensional effects of the finite spanwise length. The current study focused on the influences of Reynolds number and gust on the vortex field development, and the spanwise flow was not investigated. Future study with a 3D PIV system capable of measuring 3D vortex structures was suggested by the authors.
